In this paper we demonstrate that nanoparticulate precursors coupled with spray deposition offers an attractive route into electronic materials with improved smoothness, density, and lower processing temperatures. Employing a metathesis approach, cadmium iodide was reacted with sodium telluride in methanol solvent, resulting in the formation of soluble Nal and insoluble CdTe nanoparticles. After appropriate chemical workup, methanol-capped CdTe colloids were isolated. CdTe thin film formation was achieved by spray depositing the nanoparticle colloids (25-75 A diameter) onto substrates at elevated temperatures (T = 280-44O'C) with no further thermal treatment. These films were characterized by xray diffraction (XRD), x-ray photoelectron spectroscopy (XPS), and atomic force microscopy (AFM). Cubic CdTe phase formation was observed by XRD, with a contaminant oxide phase also detected. XPS analysis showed that CdTe films produced by this one-step method contained no Na or C and substantial 0. AFM gave CdTe grain sizes of -0.1-0.3 pm for film sprayed at 400°C. A layer-by-layer film growth mechanism proposed for the one-step spray deposition of nanoparticle precursors will be discussed.
INTRODUCTION
CdTe represents one of a few polycrystalline thin film photovoltaic technologies presently being investigated by industry for terrestrial solar cell application. With a bandgap energy (1.5 eV) that nearly matches the solar spectrum, CdTe-based solar cell efficiencies as high as 15.8% have been reported for small area cells (1.08 cm2) [l] . Nearly all thin film CdTe solar cells are composed of a multilayer structure with a p-type CdTe/n-type CdS heterojunction as the active part of the device.
There have been relatively few reports of spray pyrolysis of CdTe solar cells [2-41. In 1981, Serreze et al. fabricated a very small area (2.4 mm2) CdTe/CdS solar cell with an efficiency of 4.0% [2] . This was the first documentation of a CdTe/CdS solar cell where the CdTe layer was deposited by spray deposition. Subsequently, researchers at Photon Energy Inc. (now Golden Photon Inc.) reported a 12.3% efficiency for small area (31.3 mm2) spray deposited CdTe solar cells [3, 4] . The fabrication of larger CdTe solar cells by the same process produced modules with active area (754 cm2) efficiencies up to 8.1%
and a 6.1 W power output [3, 4] The science of semiconductor nanoparticle materials has developed rapidly over thie past 10 years [5-81. One novel property associated with nanoparticles is a reduction in melting point versus the bulk material. Alivisatos et al. have provided transmission electron microscopy selected area diffraction evidence that semiconductor nanoparticles exhibit reduced melting temperature with decreasing particle size [9] .
The use of nanoparticle precursors for thin film spray deposition might offer significant advantages over conventional spray pyrolysis routes. As a consequence of higher surface diffusivitiec; [lo] and reduced melting temperatures, nanoparticle precursor routes potentially offer the advantage of lower processing temperatures. Beyond the inherent savings with respect to thermal budget, decreased growth temperatures might also allow the use of low-cost substrates such as soda-lime glass while alleviating substrate outdiffusion and relieving thermal stress. In addition, the improved packing during deposition inherent with the small particle diameter can produce smoother, denser films. This approach has the potential to yield films similar in quality to those obtained by vacuum techniques but without the expense and complexity.
We have recently reported the spray deposition of CdTe films using a nanoparticle CdTe colloid precursor [11, 12] . The reduced melting temperature associated with nanoparticles was used in the reported studies with phasepure CdTe film development lobserved at temperatures as low as 240'C. These routes to CdTe films suffered from substantial C contamination, likely due to the non-volatile trioctylphosphine (TOP) and/or trioctylphosphine oxide (TOPO) nanoparticle surface capping agents. In this report, we present the synthesis of methanol-capped CdTe nanoparticles and the use of these nanoparticles as precursors to CdTe thin film growth by spray deposition. These CdTe thin films show a reduction in C contamination versus the TOPTTOPO-capped precursors. We expect the technology presented in this manuscript to be transferable directly to the CdTe solar cell device community.
CdTe nanoparticle colloids were prepared by the reaction of Na2Te with Cdl2 in methanol at -78'C by modification of a literature preparation [I 31. After appropriate chemical workup, yields for this metathesis reaction are typically greater than 90% [14] . Nanoparticle characterization has been described elsewhere. We refer to CdTe nanoparticles prepared via this route as "methanol-capped where "capped" refers to the bonding of solvent and/or ligand molecules to the nanoparticle surface. Prior to spray deposition, the nanoparticle solution was loaded into a Paasche VL-SetTM airbrush and sonicated for 20 minutes to reduce agglomeration of the nanoparticles. The solution was then transferred to the Plas-Labs glove box and sprayed onto heated substrates using nitrogen as a carrier gas. Corning 7059 glass substrates were cleaned with Liquinox and rinsed with distilled water prior to use.
Using a one-step method, the CdTe nanoparticle colloid was sprayed onto substrates that were heated to relatively high temperatures (Tdep = 280-440°C) with no further thermal treatment. During deposition, the distance from the sprayer nozzle to the substrate was adjusted such that initial impingement of the colloid spray onto the heated substrate led to wetting of the substrate followed by rapid evaporation of the methanol solvent. Upon spraying too close to the substrate, the ink tended to run giving poor film morphologies. Spraying too far from the substrate provided no film growth due to the low sticking coe premature solvent evaporation. For these CdTe samples, film growth occurs as the preformed CdTe nanoparticles, upon interaction with the hot substrate, coalesce to form a CdTe thin film. Processing conditions e loyed in this study are summarized in Table 1 . 
RESULTS AND DISCUSSION
Crystalline phase development of the CdTe films was determined by XRD (Fig. 1) . A significant increase of CdTe crystallinity with increasing deposition temperature was noted as follows: XRD full-width at half maximum (FWHM) values for the (1 11) peak decrease from 1. (Table 1) . Also apparent in the XRD characterization of these CdTe films is the development of a contaminant oxide phase with several XRD reflections that we attribute to CdTe2Og ). An increase in the XRD intensity of the oxide phase occurs with increasing deposition temperature. The evolution of this phase may be a consequence of incomplete exclusion of air from the ink reservoir in the Paasche sprayer during sonication or from the nitrogen-purged spraying box. This oxide formation during one-step spraying of methanol-capped CdTe nanoparticle precursor colloids contrasts with results using TOPTTOPO-capped CdTe nanoparticles where no TeICd oxide phase formation was observed given a nearly identical one-step spray deposition approach. This observation provides a measure of the relative stability of the capping agent for methanol-versus TOP/TOPO-capped CdTe nanoparticles as applied to onestep spray deposition of CdTe films.
The surface morphology of a film sprayed at 400"C, Film 400, was measured using AFM. An overall smooth morphology was observed with a root mean square (RMS) surface roughness value of 437 A. Grain sizes from about 60-300 A were measured. These grain sizes are comparable, on a qualitative scale, to those obtained by XRD (Table 1) .
The elemental composition of Film 400 was determined using XPS. Prior to data collection, the surface of this film was sputtered to a depth of 500 A. There are two observations that are noteworthy regarding the chemical composition of this film. First, the Cd and Te are nearly stoichiometric; which likely reflects the relatively fixed Cd:Te ratio within the crystalline CdTe nanoparticle precursor. Second, although no C or Na are noted, an 0 contamination is observed. This observation is consistent with XRD data for this film.
Growth Process Comment
Figure 2 is a schematic diagram of CdTe film growth via one-step spray deposition of a colloidal precursor showing one possible layer-by-layer growth process. Accordingly, pressurized CdTe colloidal ink is sprayed from a spray nozzle onto a heated substrate at elevated temperature. The sprayer head traverses the substrate at a given rate at a distance from the substrate such that the surface becomes wetted initially. Heat from the substrate is transferred to the growth layer until the temperature of the growth layer becomes equal to the boiling temperature of the solvent. At this point, the solvent evaporates, leaving capped nanoparticles on the film surface. As more heat is transferred from the substrate to the growth layer, the growth layer temperature exceeds the temperature for ligand desorption and the cap is volatilized with film growth occurring concomitantly.
According to this proposed layer-by-layer process, several variables exist with respect to overall film growth.
First, the instantaneous cooling of the substrate is affected by the flow rate of the colloid and the carrier gas as well as their associated heat capacities. These variables can be modified using different types of sprayer heads, solvents, or carrier gases. Second, the overall system pressure during film growth affects both the solvent evaporation and the cap volatilization processes.
At lower pressures, the solvent evaporation and cap volatilization would occur at lower temperatures. Finally, the condition and heat capacity of underlying growth layers clearly affect the kinetics of the growth mechanism of subsequent layers.
CON CL lJSl O N S
Nanoparticle CdTe colloids have been synthesized by reacting Cdl2 with Na2Te in methanol solvent. Although methanol-capped nanoparticle CdTe materials exhibit less stability toward oxidation than other materials such as TOPTTOPO-capped CdTe, the evolution of the capping agent seems to occur much more readily for the former versus the latter. The metathetic synthesis presented herein offers economic, as well as synthetic, advantages compared to other reported procedures, and yields greater than 90% are obtained.
Nanoparticle CdTe colloids have been employed as precursors for the spray deposition of CdTe thin films according to a one-step methiod. XRD characterization of CdTe films processed accordingly showed cubic zincblende CdTe phase formation along with a contaminant phase, CdTe205. This oxide phase, comprising 4 wt.% of the film by XPS, is thought to be a consequence of incomplete exclusion of air from the system. AFM characterization of a film sprayed at 400'C showed the film A layer-by-layer growth mechanism has been proposed for the one-step spray deposition of narioparticle precursors. Factors influencing this proposed mechanism include solvent flow rate, solvent heat capacity, carrier gas flow rate, carrier gas heat capacity and sprayer head type. In-depth thermal analysis experiments are planned to probe the mechanisms by which the methanot capping agent is evolved from the nanoparticle CdTe precursor . We expect that a more thorough derstanding gained therein should provide the appropriate growth conditions whereby impurity ized with the maintenance of e-step approach to be amenable to variety of electronic materials, limited only by the o synthesize a nanoparticle precursor colloid of the material of interest. In the short term, we hope to extend this methodology to the induswial synthesis of CdTebased solar cells.
